Entropy measurement can discriminate among complex systems, including deterministic, stochastic and composite systems. We evaluated the changes of approximate entropy (ApEn) in signals of the electroencephalogram (EEG) during sleep.
INTRODUCTION
The electroencephalogram (EEG) is an important noninvasive measure of dynamic brain activity. Recently, nonlinear and chaotic theory has been applied to the analysis of EEG signals. The blind application of such methods to actual signals, however, may result in spurious and misleading results. ' The approximate entropy (ApEn) was developed by Pincus as a measure of "system c~mplexity".~~ A high value of ApEn indicates random and unpredictable variation, whereas a low value of ApEn indicates regularity and predictability in a time s e r i e~.~.~ Especially, ApEn can discriminate among a wide variety of systems, including nonlinear deterministic, stochastic and noisy systems, while being applicable to medium-sized time series! ApEn has been applied to the analysis of physiological signals. For instance, it was used to recognize epileptic activity. 6 
METHODS
We investigated 8 healthy male volunteers, aged 23 to 26 years (mean t SD: 24.1t1.1 years). All subjects went to sleep at 11 PM and awoke at 7 AM. Informed written consent was obtained from all subjects.
EEG signals (Synafit 2100, NEC, Tokyo, Japan) were recorded from 10:30 PM to 6:OO AM, while examinees were resting with eyes closed, lying in a darkened, sound-attenuated room. EEG signals were recorded from scalp surface electrodes (F3, F4, C3, C4, 0 1 and 0 2 using the International 10-20 System). Surface electrodes were also placed at the outer canthi of both eyes to record eye movements and on the chin to record submental electromyographic activity. Two independent neuroscientists each categorized the stage of consciousness on the EEG records at 30-sec intervals, using the criteria of Rechtschaffen and magnetic tape (Instrumentation tape recorder A-47, SONY, Tokyo, Japan), and digitized at a sampling rate of 200-Hz with 12-bit resolution, with high frequency filter of 60-Hz and a time constant of 0.3-sec.
The ApEn of five consecutive artifact-free EEG samples were computed during each sleep stage. In mathematical terms, ApEn is derived from the correlation integral Cm,i(r) As described by P i n c~s ,~~ the ApEn is computed as:
ApEn involves the following parameters: the vector length m, the "filter factor" r, and the number of data points N. The value of N for the ApEn computation is typically between 75 and 5000.23 ApEn measures the logarithmic likelihood that sets of patterns that are close for m-observations remain close on the next incremental compari s o n~.~~ ApEn characterizes how different segments of the signal with similar recent histories remain similar in the future. Insofar as ApEn decreases, the complexity of the signal is low and determinism is high. In this study, the number of data (N) is 2000 (10-sec).
We set the "filter factor" r to be 0.2 times the standard deviation of the original data series, and used length 2 ( m = 2),,, In order to facilitate the interpretation of ApEn values of EEG signals, the ApEn of a sine wave was estimated to be 0.0001 (N = 2000) as an example of a regular (linear) signal. The ApEn values of the Lorenz' and Rosslerlo models of chaotic signals were estimated to be 0.135 and 0.218, respectively (N = 2000) . The ApEn of a series of uniformly distributed random numbers was estimated to be 1.909 (N = 2000) . We used the MatLab software (Mathworks, Inc., Natick, MA, USA) to compute the ApEn values. Percentage change in mean ApEn value for each healthy subject during different stages of consciousness (n=8, ANOVA, p<O 001)
Statistical analyses
The values of ApEn are presented as means t SD. We used two-way analyses of variance (ANOVA) for the assessment of any difference among sleep stages. Scheffe's test (StatFlex, ViewFlex, Tokyo, Japan) was used when multiple comparisons were performed. Differences were considered to be statistically significant at P < 0.05.
RESULTS
The ApEn values of EEG signals were 0.896 t 0.264 during eyes-closed awake, 0.738 t 0.089 during Stage I, 0.615 f 0.107 during Stage 11, 0.487 t 0.101 during Stage Ill, 0.397 f 0.078 during Stage IV and 0.789 t 0.182 during REM sleep, (Figure 1) . The ApEn values were found to differ with statistical significance among the six different stages of consciousness (ANOVA, p<O.OOI) ( Figure 1) . The ApEn was statistically significantly higher during eyesclosed awake than during Stage II (p<O.OI), Stage 111 (p<O.OOI) and Stage IV (p<O.OOI). The ApEn was statistically significantly lower during Stage IV sleep than during Stage I (p<O.OI) or REM sleep (p<O.OOl). The ApEn was also statistically significantly lower during Stage 111 sleep than during Stage I sleep (p<0.05) or REM sleep (p<O.Ol). The intra-subject coefficients of variation of the ApEn values during each stage were 8.3 t 4.1% (Stage I), 10.6 t 3.4% (Stage II), 15 .4 t 4.4% (Stage Ill), 15.0 t 5.5% (Stage IV), and 9.9 f 6.7% (REM).
In order to eliminate inter-individual variation, the data from each subject were expressed as a percentage of the mean ApEn value computed for that subject across the six different stages of consciousness. The percentage change of ApEn in EEG during each stage was then obtained by subtracting 1 OO%, (Figure 2) . The ApEn is seen to be invariably below average during Stages 111 and IV sleep, while it is invariably above average during REM sleep and eyesclosed awake condition. The percentage change in ApEn was found to differ with statistical significance among the six different stages of consciousness (ANOVA; p<O.OOI). (Figure 2 ).
DISCUSSION
As a measure of entropy, ApEn can be computed using short and noisy experimental data sets, irrespective of the presence of any nonlinear properties. In this study, we found statistically significant changes in ApEn during different stages of consciousness in healthy subjects, with lowest values during Stage IV and highest values during REM sleep (Figure 1) . Among all states, ApEn was highest during eyes-closed awake. These results, in keeping with those of Fell et al' based on the Kolmogorov K2 entropy, suggest that complexity in the brain increases during waking and REM stage, and decreases in slow wave sleep. Moreover, the differences among all stages were more clearly apparent for the ApEn than for the K2 measure of entropy. ApEn could be used to identify changes in consciousness.
System complexity has recently been analyzed in EEG signals using several new methods of nonlinear analysis. In particular, the correlation dimension (D2)" has been used to estimate the complexity and nonlinearity of EEG signals.'2 j 3 D2 in EEG records during sleep, calculated according to the algorithm of Grassberger and Procaccia," has been shown to assume statistically significantly different values during different sleep stages. When sleep deepens, D2 decreases, but D2 is larger during rapid eye movement (REM) sleep,j4 a result corroborated herein on the basis of the ApEn.
Although previous studies in which D2 was used suggested that resting EEG signals in healthy subjects had chaotic dynamics and nonlinear properties," others concluded that EEG signals could not be distinguished from a Gaussian linear stochastic process. The controversy stems in part from the difficulty in computing D2 for EEG signals that are both non-stationary and high-dimen~ional.'~ Usually, the validity of D2 is tested by surrogate data analyis.'^ Entropy measurement can also estimate complex systems, including nonlinear deterministic and stochastic signals.2 From this viewpoint, the ApEn measurement may be useful to analyze EEG data.
The inter-subject variability of ApEn, illustrated in Figure 2 for the average percentage change in ApEn across all stages of consciousness, is particularly large during eyes-closed awake, Stage I and Stage It sleep. This may be related to the variable brain conditions during the waking state. In addition, the change in ApEn value seen during the transition from waking to light sleep may also be associated with an increase in inter-subject variability during Stage I sleep. The occurrence of K-complexes and spindles may further increase the variability of ApEn during stage II sleep (Figure 2) . The smaller inter-subject variability observed during Stages 111 and IV sleep may relate to the decreased brain complexity in slow wave sleep. It has been recently suggested that the ApEn is useful to measure the extent of regularity in EEG signals during anesthesia, when ApEn values are reportedly decreased.lgApEn of EEG signals may be clinically useful by providing a more rigorous estimate of sleep stages.
Although the analyses in this study are presented for only one electrode site and one reference, it is well known that EEG signals from different electrode pairs provide important and useful information.20 Previous reports revealed that the topographical distribution of Kolmogorov K2 entropy from different electrode pairs was useful to detect EEG changes during affective induction.2' The values of ApEn from multiple electrodes in EEG may give more information about brain dynamics.
In conclusion, ApEn could serve to estimate sleep stages in EEG signals, complementing other approaches based on spectral aspects of the action potentials of the brain in health and disease states.22 Moreover, the ApEn can be computed using short experimental data sets despite the lack of nonlinear properties. ApEn measurement in EEG may be clinically useful to estimate sleep stages and quantify brain activity. Further study is needed to clarify the usefulness of the ApEn in relation to the automatic diagnosis of sleep stages.
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